Introduction
Pulsed fiber lasers are widely used for micromachining applications because of their compactness, excellent beam quality, maintenance free operation and high wall plug efficiency. To avoid thermal damage and to minimize the heat affected zone induced during laser material processing; ultrafast pulses with duration in the picoseconds (ps) and femtosecond (fs) range are required. In most of the cases, these pulses have to be efficiently doubled or tripled in frequency. To optimize laser processing end-users are therefore seeking for compact and powerful lasers that deliver pulses at high repetition rate nearly Fourier limited and with widely tunable pulse duration. However, it is well known that, usually, nonlinear processes limit the pulsed fiber laser oscillator to modest output peak power [1] . To overcome these limitations master-oscillator power-amplifier (MOPA) taking advantage of amplifying fibers have been used [2] . One can also use the nonlinear polarization evolution (NPE) to design high average power fs fiber oscillators in normal dispersion regime [3, 4] . Both dissipative soliton as well as similariton mode locking have been reported [3, 5] . These techniques make it possible to design powerful and compact fiber lasers [6] [7] [8] [9] . Along this line, an ytterbium fiber oscillator delivering pulse with duration of ~2.1 ps with energy of ~0.9 µJ at 76.5 MHz high repetition rate has been reported very recently [10] . Due to the total cavity dispersion the pulse were positively chirped and needed to be dechirped. Using efficient grating compressor outside the cavity, the pulse were dechirped to 91 fs. It is important to stress that most of the efforts using this technique have been devoted towards the development of fs oscillators. Then one may wonder if NPE can also be used to design compact and more powerful fiber laser delivering pulses with duration in the range of ~2 to ~20 ps [11, 12] . In this contribution, we will present the design and the performances of a high power ytterbium rod-type fiber oscillator that delivers pulses that duration are almost limited by their spectral bandwith with adjustable duration ranging from 18.5 ps to 130 fs. This system is shown to deliver more-than 10 W of average power at 74 MHz. The pulse peak power ranges from 9 kW to 1.1 MW. Numerical simulations well accounts for the behavior of this oscillator. They offer possibilities to further scaled-up the performances of such fiber lasers. Figure 1 presents the design of our ring cavity. It is constructed around a 0.75 m long LMA double clad ytterbium rod type fiber. Two slightly birefringent fibers are used. The first one generates femtoseconds and ~2 ps pulses. It has a core diameter of 50 µm that results in a mode-field diameter of ~50 µm at 1030 nm, and a pump clad diameter of 170 µm. A microscope image of its structure is shown in the inset of Fig. 1 . The nonlinear coefficient of this fiber is estimated to be g = 2 10 −4 W −1 m −1 . The second one, used to generate the ~20 ps pulses, is very similar but it has a core diameter of 35 µm that results in a mode-field diameter of ~24 µm at 1030 nm, and a pump clad diameter of 90 µm. Its nonlinear coefficient is estimated to be g = 3.9 10 −4 W −1 m −1 . Nonlinear effects are expected to be enhanced in this fiber. The absorption coefficient of these LMA fibers at 976 nm is ~25 dB.m −1 . These fibers have been cleaved and polished with an angle of ~5°, and are pumped through a dichroïc mirror using a fiber coupled laser diode emitting up to 100 W at 976 nm. The travelling wave oscillation is ensured by an optical isolator (OI). The isolator's polarizing beam splitter is used as an output coupler. To ensure self mode locking and dissipative soliton formation, one quarter-wave plate, two half-wave plates and a spectral filter have been introduced in the cavity. For the generation of picosecond pulses, we have used two different high reflecting volume Bragg gratings (VBG), both centered at 1030 nm, and with 0.9 nm and 0.07 nm spectral full width at half maximum (FWHM). There are used slightly out of normal incidence and their reflection coefficient is higher than 99%. For femtosecond pulse generation, we have used an interference filter centered at 1040 nm. It has a transmission >90% and 4 nm spectral FWHM. To ensure self-starting of our oscillator, we take advantage of the NPE that combined with the wave-plates and the OI acts as a nonlinear and partially transmitting mirror [13] . Adjusting the polarization state by turning the wave-plates, one can control both the laser output power and the mode-locking. Whatever the spectral filter we used, we noticed the same laser behavior upon increasing the pump power. The typical behavior of our fs oscillator has previously been discussed [14] . Above a pump laser threshold, and for any angle of the wave-plates, the system works in CW regime and the laser intensity strongly fluctuates in time. At higher pump power, above the mode-locking threshold, and for a large range of parameters (pump power, wave-plate angles, bandwidth of spectral filter), the oscillator delivers a stable train of single or multiple pulses. The setting of the wave-plates for single pulse operation depends on the VBG or the spectral filter. However, with all the filters we used, we could observe self-starting mode-locking for pump power above 25 W. This relatively high threshold is due, firstly, to the short length of the used amplifying fiber, and to the weakness of its nonlinearity. However, once the filter is installed in the cavity and the wave plates are properly set, we could observe a single pulse at 74 MHz for pump powers up to 40 W. The mode locking regime remains stable over several hours; it is self-starting and very reproducible when the laser is turned off and on again. For pump power larger than 40 W, it delivers multiple pulses.
Experimental set-up

Experimental results
Generation of femtosecond pulses
The typical pulses sequence and beam profile yielded by our laser when we used the interference filter is shown in Fig. 2 . In this figure, the two insets display the radio frequency spectrum recorded by a spectrum analyzer and the laser beam profile. The beam profile is gaussian with an M 2~1 .1. The second inset shows a noise structure extending from −125 to + 125 kHz around the oscillator repetition rate revealing the very low noise amplitude of our oscillators. The corresponding energy fluctuation is estimated to be less than 0.9%. To check that the pulse train has no additional fine temporal structure, we have used a fast photo-diode and a 20 GHz sampling oscilloscope. This measurement did not reveal any pre-or post-pulse. We have also measured the average power, the pulse spectrum and the pulse duration at the laser output. We could extract more than 10 W of average power. At 74 MHz repetition rate, this corresponds to energy per pulse of ~150 nJ. The pulse duration was measured using an intensity autocorrelator. Figures 3(a)-3(c) show the autocorrelation trace and the output pulse spectrum. The spectrum is structured and has a half-width of ~12 nm [ Fig. 3(c) ]. The output pulse duration is ~1 ps. The time-bandwidth product (i.e. Dn*Dt) of theses pulses is ~3.4 indicating the pulse duration is clearly not limited by its spectrum (Dn*Dt~0.44 for Gaussian pulses). However, we can easily compress the output pulse temporally, using a set of two negatively chirped highly reflective mirrors. They have a reflectivity R>99%, and a group velocity dispersion (GVD) of F 2~-10000 fs 2 at 1030 nm. As shown in Fig. 3(b) , after three reflections, more than 98% of the initial pulse energy was transmitted and the pulse duration was 130 ± 10 fs close and time-bandwidth product is ~0.44, the expected value for Fourier transform Gaussian pulses. The autocorrelation trace of the compressed pulse was clean but exhibits some pedestals. They are very likely related to structure of the pulse spectrum. Indeed as shown in Fig. 3 was estimated to be ~20%. By increasing the pump power up to 33 W, we were able to keep the ~130 fs pulse duration and achieved an averaged output power of 11 W. The peak power of these dechirped pulses is ~1.1 MW.
To characterize more precisely our laser, we have also measured, thanks to the very small transmission through the calibrated HR mirrors, the average power, the spectrum and the pulse duration, at different points inside the cavity. It turns out that, up to 6 W are lost by the spectral filter. This corresponds to ~55% of the power at the OI output. Using mirrors with small and known transmission, we estimated the intra-cavity power to be 2.3 W at the input and 22 W at the exit of the amplifying fiber. This indicates that single pass saturated gain is ~10. A large part of the gain is used to compensate for the loss introduced by the interference filter. In agreement with previous work, we could easily lower these intracavity losses by increasing the spectral width of the interference filter [9] . The pulse spectrum measured at the exit and the input of the fiber as well as the spectrum rejected and transmitted by this filter is shown in Fig. 4 . These results indicate that the pulse spectrum strongly evolves during its propagation within the laser cavity. However we noticed that the measured pulse duration is ~1 ps and it remains almost unchanged within the cavity. This stresses that our laser is indeed working in the normal-dispersion regime [3] . With 10 W of output power, knowing the pulse duration, the laser repetition rate, the nonlinear coefficient of the fiber and the average power at input and exit of the fiber, we evaluated the nonlinear phase shift to be ~4.3 p after a single pass in the fiber. This value is consistent with the modulated spectrum we measured at the exit of the fiber [ Fig. 3(c) ]. 
Generation of picosecond pulses
As we mentioned previously, for the generation of picosecond pulses, we have used high reflecting VBG centered at ~1030 nm with 0.9 nm and 0.07 nm FWHM. The VBG with Dl = 0.9 nm (resp. 0.07 nm) was used in combination with the fiber with a core diameter of 50 µm (resp. 35 µm). The single pulses mode-locking was observed for similar pump power but with different angles of l/2 and l/4 wave-plates. The typical pulses sequence, power stability and beam profile yielded by our laser using the VBG are almost similar to the data shown in Fig.  2 . The observation of a stable single pulse generation indicates that, NPE is large enough to ensure mode-locking. With the two VBG and for single-pulse mode-locking, the maximum output power is 12,5 W for 35 W of pump power. The spectrum and the intensity autocorrelation traces, we measured are presented in Fig. 5 . The spectrum recorded using the 0.9 nm VBG presents the characteristic modulations induced by self-phase and cross-phase modulations. Using the 0.07 nm VBG, the output pulse spectrum was smooth but its structure cannot be finely measured due to the resolution of our spectrometer (Dl~0.02 nm). The duration of the pulses produced using the VBG with Dl = 0.9 nm (resp. 0.07 nm) is equal to t = 2.8 ± 0.1 ps (resp 18.5 ± 0.5 ps). It is important to stress that, within our experimental uncertainties, the autocorrelation trace of these generated pulses does not exhibit noticeable pedestals [ Fig. 5(b)-5(d) ]. The time-bandwidth product of the 2.8 ps and 18.5 ps pulses are equal to 0.65 ± 0.02 and 0.45 ± 0.01 respectively. This indicates that as expected, as the duration of the generated pulses increases and the peak power decreases, the chirp introduced by the linear and nonlinear effect within the fiber have a lesser impact on the time-bandwidth product. For the maximum output power, the peak power generated by our fiber laser is ~60 kW and ~9 kW, for the 2.8 ps and 18.5 ps pulse respectively. Above 35 Watts of pump power, we observe multi-pulses or unstable regimes. Here again, with 12.5 W of output power, we could evaluate the nonlinear phase shift after a single pass in the fiber. We found it is ~1.5 p and p using 0.9 nm and 0.07 nm spectral filters respectively. They are consistent with the modulated spectrum reported in Fig. 5 . These phase shifts shed light on the important role of nonlinear phase modulation that takes place in our laser. In this picosecond regime, two points have to be underlined. a. The losses introduced by the VBG are considerably reduced compared to the ones introduced by the interference filter.
b. Keeping the pump power below 35 W, we tried but did not succeed to mode-lock our laser using fiber with a 50 µm core diameter and the 0.07 nm spectral filter. Thus considering that the pulse duration is mainly fixed by the VBG and the peak power are similar in the our two fibers, our results indicates the nonlinear phase shift of ~p/2 induced into the 50 µm core diameter fiber is not sufficient to ensure a reliable mode locking. 07 nm (a,b) and 0.9 nm (c,d) VBG mirrors. Solid lines: computed results. For Fig (a, b) we used the following parameters: α = 120°, θ 1 = 105° θ 2 = 30°, g o = 9 m −1 , P SAT = 2.3 W. For Fig (c,d) To get a deeper understanding, an original numerical vectorial model has been developed. Many models of fiber laser mode locking with NPE exist. Those based on a master equation [15] , are valid when the effect per round trip is small enough, which is not the case here. Some others model the NPE by a saturable absorber with ad hoc saturation and absorption coefficients [3] . Then, a scalar Non-Linear Schrödinger Equation (NLSE) is used, and polarization evolution is overlooked. At last, some models treat sequentially the vectorial propagation in fiber and the polarization change due to all the other optical elements in the cavity (OI, wave plates) [16, 17] , as well as the spectral filtering. We have used such a vectorial NLSE to describe the pulse evolution in the gain fiber, which is weakly birefringent. For the two rod fibers that were used, the birefringence was indeed measured experimentally to be ∆n = 10 −5 . The complex field envelope evolves under the influence of self-phase modulation, cross-phase modulation, and coherent coupling between the two modes of polarization in the fiber [18] . The nonlinear coefficient γ has been computed from the mode field diameter (see Table 1 ), and the gain, g, is defined as g = g o /(1 + P/P sat ), where g o is the small signal gain, P is the total power, and P sat is the saturation power. Both g o and P sat have been adjusted to fit quantitatively with experimental results. We obtain the same qualitative behavior over a wide range of values for g o and P sat .The group velocity dispersion is β 2 = 0.025 ps 2 m −1 .
Numerical simulations and discussion
We have computed the pulse evolution in the fiber using a standard third order split step method. The Jones formalism has been used to model how the pulse evolves when passing through the wave plates and the optical isolator. Note that all the waveplate angles are measured by respect to the rejection axis of the OI. They are denoted: α for the quarter wave plate, θ 1 for the half wave plate situated before OI, and θ 2 for the one situated afterwards. The spectral filtering is modeled by a Gaussian transmission function that acts on the spectral amplitude, without introducing chirp. At the difference of [16] , we do not have any dispersive element except the fiber, and we consider a filtering much narrower than the gain bandwidth (~40 nm). At the difference of [17] , we operate in a regime with a much smaller total dispersion, and the fiber has a weak birefringence. During the computations, we tuned the angle of the wave-plates and we varied the pump power, checking carefully the convergence towards a stable steady state, independent of the initial condition. Note that steady state was sometimes difficult to reach.
At steady state, one can observe the C.W. lasing and the mode-locking thresholds, single pulse as well as stable multi-pulses and temporally modulated pulsed train. We have computed the spectrum and the pulse temporal profile everywhere in the cavity for our different laser configurations. The results are in good agreement with the experimental data (see Table 1 and Fig. 3, 4 and 5 ). Finally, we stress that the model can take into account modifications of almost all the experimental parameters. Therefore, it can be used as a numerical tool to improve and to scale-up the performance of these lasers. More details about this model will be given elsewhere.
Conclusion
In conclusion, self mode-locked high power oscillator with widely adjustable pulse duration ranging from 20 ps down to 130 fs has been demonstrated. It takes advantage of the high gain and the management of NPE and spectral filtering taking place in the laser. We have demonstrated that such laser is able to deliver almost dispersion free picoseconds pulses at high repetition rate and with a high averaged intensity. This indicates that controlling the NPE and spectral filtering makes it possible to both adjust the central frequency, the pulse duration and pulse shape over a broad spectral and temporal domain.
